Bacterial blight, caused by Xanthomonas oryzae pv. oryzae, is one of the most serious diseases of rice. It is widespread throughout Asia and also has been reported to occur in Australia, the United States, and several rice-growing countries of Latin America and Africa (16) . The disease may cause damage at seedling stage resulting in complete wilting or death of affected tillers. The infection at maximum tillering stage results in blighting of leaves. The yield losses in severely infected fields generally range from 20 to 30% but may reach up to 80% (24, 28) .
Chemical control of bacterial blight in the monsoon climate of Asia is impractical. Additionally, no effective bactericide is commercially available for disease control. Therefore, the preferred strategy for disease management is through varietal resistance. Large germ plasm collections have been screened to identify sources of resistance for breeding programs and many resistant cultivars have been genetically analyzed to identify diverse genes for resistance. To date, 22 genes for resistance have been identified (2, 3, 11, 12, 15, 23, (25) (26) (27) 34) . Two of the genes, Xa1 and Xa21, have been cloned (30, 33) . Several of these genes have been incorporated into improved rice cultivars which are now widely grown (14) . However, new races of the pathogen continue to evolve that can overcome the resistance conveyed by the major genes (16, 19) .
Mew and Vera Cruz (17) reported four races of bacterial blight in the Philippines and Vera Cruz and Mew (32) reported six races. Two additional races were described by Nelson et al. (21) . Some of these races may have originated as a result of deployment of cultivars with major genes. Others may have existed but were identified when additional differentials were employed. In order to maintain a dynamic breeding program for bacterial blight resistance for such a variable pathogen, a constant supply of new genes is needed. This study was undertaken to identify additional genes for resistance to bacterial blight.
MATERIALS AND METHODS
Twenty-one rice cultivars were analyzed (Table 1) . These cultivars were divided into two groups based on their reaction to X. oryzae pv. oryzae. Cultivars of group 1 are resistant to Philippine race 1 and a few other races. Cultivars of group 2 are susceptible to race 1 but resistant to races 2 and 5. This division is important because two genes, Xa4 and xa5, which are commonly found in resistant cultivars, convey resistance to races 1 and 5. On the other hand, cultivars susceptible to race 1 but resistant to races 2 and 5 have Xa10 for resistance. Seven testers were employed for genetic analysis (Table 2 ). These lines included six isogenic lines with single genes for resistance and TN1, which is susceptible to all Philippine races of X. oryzae pv. oryzae.
All the cultivars were crossed with TN1. F 1 and F 2 populations from the crosses of group 1 cultivars were inoculated with race 1, whereas the F 1 and F 2 populations from the crosses of group 2 cultivars were inoculated with race 2. The gene for resistance of each cultivar was predicted on the basis of their reaction pattern to six Philippine races of bacterial blight. Thereafter, the test cultivars were crossed with various testers having the known genes for resistance to verify our predictions.
The inoculation method of Kauffman et al. (9) was employed for inoculation of hybrid progenies. Pure cultures of the bacterial strains were maintained in the bacterial blight laboratory at the Plant Breeding, Genetics, and Biochemistry Division, International Rice Research Institute (IRRI). The inoculum was prepared and diluted by mixing bacterial cultures in distilled water. Using a spectrophotometer, the absorbance (A) of the inoculum was adjusted to A = 0.05 (620 nm). This value corresponds to a concentration of 10 8 cells per ml. Plants were inoculated at maximum tillering (40 days after transplanting) or booting stage (55 to 60 days after transplanting) and were scored for disease reaction 14 days after inoculation. Both visual assessment and lesion length measurements of three inoculated leaves of at least three plants of each F 1 population were carried out. Each plant of F 2 populations was classified visually as either resistant (lesion length <10 cm) or susceptible (lesion length >10 cm).
RESULTS
Inheritance of resistance. The reactions to race 1 of F 1 and F 2 populations of crosses of group 1 cultivars with TN1 are given in Table 3 . The F 1 hybrids of cvs. Bazail 975, Karia, Minh-Soc, Nep Bha Bong To, and Latu were susceptible and their F 2 populations segregated in a ratio of one resistant to three susceptible, indicating monogenic recessive control of resistance in these cultivars. The F 1 hybrids of cvs. WC1263, HR 12, SLO 2, Ragu Sail, Trang Chum, and Ba Kieu were resistant and their F 2 populations segregated in a ratio of three resistant to one susceptible, indicating that each of them have a dominant gene for resistance to race 1.
The reactions to race 2 of F 1 and F 2 populations of crosses of group 2 cultivars with TN1 are given in Table 4 . The F 1 hybrids of all cultivars except Lota Sail were resistant and F 2 populations segregated in a ratio of three resistant to one susceptible, indicating monogenic dominant control of resistance to race 2 in these cultivars. The F 1 hybrid of Lotal Sail with TN1 was susceptible and the F 2 population segregated in a ratio of one resistant to three susceptible, indicating Lota Sail has a recessive gene for resistance to race 2.
SLO 2 also showed resistance to race 2; therefore, the F 1 and F 2 populations of its cross with TN1 also were evaluated for resistance to race 2 ( Table 4 ). The F 1 hybrid was resistant, and the F 2 population segregated in a ratio of three resistant to one susceptible, indicating that it has a dominant gene for resistance to race 2.
Allele tests. WC1263, HR 12, and Ragu Sail have the reaction pattern to six races typical of rice cultivars with Xa4; therefore, these cultivars were crossed with IRBB4. SLO 2 also was crossed with IRBB4 to determine if its resistance to race 1 may also be due to Xa4. The F 1 hybrids of these four crosses were resistant to race 1, and the F 2 population did not segregate for susceptibility, showing that resistance to race 1 in these cultivars is due to Xa4 ( Table 5) .
The reaction pattern of Bazail 975, Karia, and Latu to six races was similar to that of cultivars with xa5 (i.e., resistant to races 1, 2, 3, and 5 and susceptible to races 4 and 6). Therefore, these cultivars were crossed with IRBB5. The F 1 hybrids were resistant to race 1 and F 2 populations did not segregate for susceptibility ( Table 5) , showing that these three cultivars have xa5 for resistance.
Trang Chum and Ba Kieu were found to have a dominant gene for resistance to race 1, and their reaction pattern to six races was similar to that of cultivars with Xa3 (i.e., moderately resistant to races 1, 2, and 3, resistant to race 5, and susceptible to races 4 and 6); therefore, they were crossed with IRBB3. The F 1 hybrids were resistant to race 1 and F 2 populations did not segregate for susceptibility. These results show that Trang Chum and Ba Kieu have Xa3 for resistance ( Table 5) .
Minh-Soc and Nep Bha Bong To were found to have a recessive gene for resistance to race 1 and their reaction pattern was similar to that of xa8 to six races; therefore, they were crossed with IRBB8. Nep Bha Bong To showed segregation with IRBB8, so it also was crossed with IRBB5. The F 1 hybrid of Minh-Soc with IRBB8 was resistant and the F 2 population did not segregate for susceptibility (Table 5 ). These results indicate that Minh-Soc has xa8 for resistance. The F 1 hybrids of Nep Bha Bong To with IRBB5 and IRBB8 were susceptible and the F 2 populations 
a R = resistant, MR = moderately resistant, and S = susceptible.
segregated in a ratio of seven resistant to nine susceptible (Table 5 ). These results show that the recessive gene for resistance to race 1 of Nep Bha Bong To is nonallelic to and independent of xa5 and xa8. Eleven cultivars of group 2 showed a reaction pattern to six races that is similar to that of IRBB10 (i.e., resistance to races 2 and 5 but susceptible to races 1, 3, 4, and 6). These 11 cultivars were crossed with IRBB10. The F 2 population of Arai Raj from its cross with IRBB10 segregated for susceptibility; therefore, it also was crossed with IRBB7. Genetic analysis indicated that Lota Sail has a recessive gene for resistance to race 2, so it also was crossed with IRBB5 and IRBB8. The F 1 hybrids of SLO 
The F 2 populations of Arai Raj with IRBB10 and IRBB7 segregated in a ratio of 15 resistant to 1 susceptible, indicating that the dominant gene of Arai Raj for resistance to race 2 is different from and independent of Xa10 and Xa7. The F 2 populations of Lota Sail from crosses with IRBB10, IRBB5, and IRBB8 segregated in resistant:suspectible ratios of 13:3, 7:9, and 7:9, respectively. These data indicate that the recessive gene of Lota Sail for resistance to race 2 is different from and independent of Xa10 as well as xa5 and xa8. Designation of new genes. Of the 11 cultivars of group 1, 4 (i.e., WC1263, HR 12, SLO 2, and Ragu Sail) were each found to have single dominant genes for resistance that are allelic to Xa4. Bazail 975, Karia, and Latu each have single recessive genes for resistance which are allelic to xa5. Minh-Soc has a single recessive gene for resistance which is allelic to xa8. The recessive gene xa8 was first identified in rice cultivar PI231129 (27) . Since then, we have genetically analyzed several hundred cultivars for resistance to bacterial blight and Minh-Soc is the only other cultivar found to have xa8. Trang Chum and Ba Kieu each have single dominant genes for resistance that are allelic to Xa3. The cultivar Nep Bha Bong To has a recessive gene for resistance that is nonallelic to two other recessive genes, xa5 and xa8. It segregated independently of xa5 but may be linked to xa8 because the c 2 value for independent segregation is quite high. Therefore, the recessive gene for resistance of Nep Bha Bong To appears to be a new gene and, following the rules of gene nomenclature in rice, this gene is designated as xa26(t).
Eight cultivars of group 2 (i.e., Aghanisail, Huson Dhaw, Pelatie, Bhua Balam, Kanchanchari, Surma Sail, Khar Mao, and Ganga Sagar) each have a single dominant gene allelic to Xa10. In addition, SLO 2 also has Xa10. Although cv. Arai Raj has the reaction pattern to six races that is similar to that of Xa10, it turned out to have a single dominant gene for resistance which is nonallelic to and independent of Xa10 as well as Xa7. This dominant gene for resistance to races 2 and 5 is designated as Xa27(t).
Similarly, cv. Lota Sail has a reaction pattern to six races that is also similar to that of Xa10. However, it has a single recessive gene for resistance to races 2 and 5 which segregates independently of xa5, xa8, and Xa10. This gene is designated as xa28(t).
The genetic analysis of 21 cultivars has resulted in identification of three new genes for resistance to bacterial blight. The genes for resistance of these cultivars are summarized in Table 7 .
DISCUSSION
Insufficient durability of resistance to bacterial blight is a major concern. Durable resistance is "resistance that remains effective while a cultivar possessing it is widely cultivated" (8) . Introduction of resistant cultivars often has resulted in shifts of virulence in populations of X. oryzae pv. oryzae (16) . Many cultivars with Xa4 for resistance to bacterial blight have been cultivated widely in the Philippines and elsewhere in Asia. The frequency of pathotypes virulent to Xa4 increased over time and became dominant in the Philippine populations of the pathogen in response to the use of Xa4 (18) .
One strategy to prolong the useful life of major gene resistance is to pyramid two or more major genes in a single cultivar (10) 
It is difficult to pyramid resistance genes by phenotypic selection because the presence of one major gene obscures the effects of other genes. Molecular markers that are closely linked to major genes can be used to identify individuals carrying more than one resistance gene in a segregating population. Fortunately, a molecular genetic map of rice densely populated with various types of molecular markers has been prepared (4) and many genes for disease and insect resistance have been tagged with molecular markers (13) . Another advantageous situation in regard to bacterial blight is the availability of near-isogenic lines with single genes for resistance (22) . DNA marker-aided selection was used to pyramid four bacterial blight resistance genes, Xa4, xa5, xa13, and Xa21. Breeding lines with two, three, and four resistance genes were developed and tested for resistance to bacterial blight. The pyramided lines showed a wider spectrum and a higher level of resistance than lines with only a single gene (5) . Pyramided lines were shared with national rice improvement programs of several countries in Asia, where they are being used in local breeding programs (29) .
The newly discovered genes are being transferred to near-isogenic background and, at the same time, are being tagged with 
molecular markers. Thus, these genes can be employed in rice improvement programs either through conventional breeding approaches or through molecular marker-aided selection or gene pyramiding. Genetic engineering also allows pyramiding of resistance genes. Resistance genes, if cloned, can be introduced into the rice genome in combination with existing resistance genes or with other novel genes.
As an example, Xa21 was cloned from a near-isogenic rice line, IRBB21, by Song et al. (30) . It was introduced into IR72, which has Xa4 for resistance (31) . Thus, transgenic IR72 has Xa4 and Xa21 pyramided together. This pyramided line has been evaluated under field conditions in China and showed a broad spectrum of resistance.
To date, 49,752 entries from the germ plasm collection maintained at IRRI have been evaluated for resistance to bacterial blight and 11.1% were found to be resistant (6) . Approximately 700 have been genetically analyzed and this has resulted in the identification of 21 genes for resistance. Three genes (xa19, xa20, and Xa25) have been induced through mutagenesis. Two dominant genes, Xa21 and Xa23, were transferred to cultivated germ plasm from closely related wild species Oryza longistaminata and O. rufipogon, respectively. Most of the distantly related wild species are resistant to bacterial blight. Crosses between these wild species and cultivated rice have been accomplished through embryo rescue technique (7) and genes for bacterial blight resistance have been transferred to cultivated rice (1).
Two bacterial blight resistance genes have been cloned. Xa21 was isolated by map-based cloning and found to be member of a complex locus located on chromosome 11 (30) . As mentioned earlier, this gene has been transferred back to rice through genetic engineering. Xa1, the second resistance gene cloned from rice, is located on chromosome 4 (33) . Unlike Xa21, Xa1 is a single-copy gene and is pathogen and wound inducible.
The concept of tissue-specific expression of major genes could be applied not only to genes isolated from other organisms but also to the manipulations of natural resistance genes such as Xa1 and Xa21. When cloned major genes are engineered for tissuespecific expression, there will be less selection pressure on the pathogen exerted by the major genes. If the major genes for bacterial resistance could be engineered for expression in the leaves from booting stage until 10 to 15 days after flowering, their expression probably could protect the crop from yield losses and would be more durable.
As discussed above, various genetic strategies for reducing the yield losses from bacterial blight include identification of genes for resistance from the primary gene pool, transfer of genes for resistance from the closely as well as distantly related germ plasm, mapping and tagging of genes with molecular markers, transfer of genes to the elite genetic background through conventional and molecular marker-aided selection, pyramiding of genes through molecular marker-aided selection, fine mapping and cloning of genes for resistance, introduction of cloned genes through transformation into elite cultivars under tissue-specific expression, and pyramiding the cloned genes with naturally occurring genes. The identification of new resistance genes reported in this study is thus a basic step in the galaxy of approaches to minimize the losses caused by X. oryzae pv. oryzae in rice.
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